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A large variety of different 2D and 3D techniques have
been proposed in recent years for measuring long-range 'H-
13C J couplings ( /-17). In all of these methods the J coupling
is measured either from the Jcy splitting observed in the 1*C
or 'H multiplet or from the E.COSY-type ( /8) displacement
of the two components of a multiplet. Recently, a different
type of measurement, commonly referred to as quantitative
J correlation (/9), has been introduced for the measurement
of a large range of J couplings, including *C-"3C (20, 21),
'H-'3Cd, '"H-"""Hg (22), 3C-""N (23), *C-"H (24), and
'H-'H (25) couplings. In previous applications of quanti-
tative J correlation, the long-range Jcy values were derived
from the ratio of intensities observed in a HMBC 2D spec-
trum and a pseudo-2D reference spectrum (24). In the F|
dimension of this pseudo-2D reference spectrum, the reso-
nances are all located at F; = 0 and exhibit a multiplet shape
that is similar to that observed in the 2D HMBC spectrum.
For molecules with extensive overlap in the 1D 'H spectrum
this method does not function satisfactorily because the 1D
overlap is not resolved in the pseudo-2D reference spectrum.
Here we describe a slightly different approach, where the
reference spectrum is a true 2D spectrum, with 'H resonances
dispersed in the F, dimension by the '3C chemical shift of
their directly attached '*C nucleus.

The pulse scheme used in the present work is shown in
Fig. 1. The intensity of a '"H-"?C correlation in the 2D spec-
trum is, to a good approximation, proportional to sin’[#J(T
— 24)]. Keeping T constant (approximately 40 ms), two
spectra are recorded: a reference spectrum with A = T/2 ~
1/(4'Jen), and a long-range correlation spectrum with A =
0. Homonuclear '"H-'H dephasing is active for a time 27 +
1, both in the reference and in the long-range correlation
spectra and therefore, to first order, does not affect the in-
tensity ratio. Temporarily neglecting differences in relaxation
rates of protons attached to '3C versus 'C, the intensity ratio
of the long-range correlation to a carbon X (Iyyx) and the
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one-bond correlation intensity in the reference spectrum
(Iuc) is then given by

Inx/ Tuc = (Nie/ Neer)sin (7 Ty, 1y

where Jiyx is the size of the long-range correlation between
the observed proton and carbon X, and (N /N,s) is the
ratio of the number of scans in the long-range and in the
reference spectrum. Equation [1] assumes that for the ref-
erence spectrum the condition sin’[ 7! Jyc(T — 24)] = |
applies, where ' Jyc is the one-bond Jcy coupling. Although
this condition is satisfied for only a single value of 'Jy¢.
changes by up to 10% have only very small effects (<2.5%)
on the intensity ratio of Eq. [1], allowing Jyyx to be derived
from

Jux = (xT) ' sin ' [V(IuxNer)/(TucNi) 1. [2]

Dephasing due to homonuclear '"H-'H coupling is iden-
tical in the reference and in the long-range correlation ex-
periments, and multiplet shapes are expected to be the same
in both spectra. In practice, however, small differences in
the shape of the cross peak can occur due to (a) strong cou-
pling among the protons, (b) additional line broadening of
protons attached to '3C caused by the large one-bond 'H-
13C dipolar interaction, and (c) incomplete '*C decoupling,
which is more severe for the one-bond than for the long-
range correlations. Of these effects, the difference caused by
strong coupling is the most difficult to deal with. Note that
two J-coupled protons that differ in chemical shift by about
75 Hz (i.e., by ~'Jcu/2) behave like weakly coupled spins
if neither one of these two protons is directly attached to
13C. However, in the reference spectrum, only protons at-
tached to *C are observed and half of the 'H-{ '*C} doublet
would overlap with the resonance of the second proton, dis-
torting 'H-'H J modulation during the period 27 + ¢,. Sim-
ilarly, two J-coupled protons with identical chemical shifts
will behave like weakly coupled spins in the one-bond ref-
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FIG. 1. Pulse scheme of the quantitative HMBC experiment. The ref-

erence spectrum, containing exclusively one-bond interactions, is obtained
by using A = 772 — 1/(4'Jcy). The long-range correlation spectrum is re-
corded with the same value for 7 (typically in the range 30-60 ms), but
with A = 0. Narrow and wide bars represent 90° and 180° pulses, respectively.
The "*C 180° pulses are of the composite type (90$2207902). The gradient
pulses, G,, have a duration of 1 ms and have a sine-bell amplitude profile
with a maximum strength of 25 G/cm. Phase cycling is as follows: ¢, =
2(x), 2(—x); ¢; = X, —x; receiver = X, 2(—X), x.

erence spectrum, but will show strong coupling effects and
distorted Jy; modulation in the long-range correlation spec-
trum. As will be discussed later, distortions due to strong
coupling are easily recognized, and, in the present work, we
do not attempt to derive long-range J coupling information
for these protons. Incomplete '3C decoupling and '*C-'H
dipolar interactions during ¢, simply cause broadening of the
one-bond correlation in the reference spectrum, without af-
fecting the cross-peak integral, and therefore do not prevent
the measurement of the relative intensities. The effect of het-
eronuclear dipolar interactions during the recovery delay and
during the period 27 cannot be ignored and will be discussed
later.

Although a reasonable estimate for lyy/lyc can be ob-
tained from simple peak picking, a better value for a = Iyx/
I'uc can be derived by searching for a, m, and n values that
minimize the function

fla,m,n) =3 [(S"(i,)) — aS™(i + m,j+ n)]?, [3]

iJ

where S"(i, j) represents a small region of the 2D data matrix
containing the long-range correlation for a given HX pair,
and S™(i + m,j + n) is the region of the reference spectrum
containing the corresponding one-bond correlation. A small
difference in F, position of the one-bond versus the long-
range correlation, caused by the one-bond 'H-{'*C} isotope
shift, is adjusted for by optimizing the value of n. The dif-
ference in '*C frequency between the two correlations cor-
responds to m. For each value of m and »n, the value of a is
calculated by singular-value decomposition (SVD). The op-
timal value of a is then determined by conducting a grid
search over m and n, after initial estimates based on the
frequency coordinates of the two resonances involved. Ex-
tensive zero filling of the time-domain data, in practice at
least eightfold in each dimension, is needed for matching
the peak positions with sufficient accuracy. An estimate for
the uncertainty in a, Aa, is obtained from

COMMUNICATIONS

(ST D) — aSTli ; 27172
Ag < |2 lSTGED) fflS (Ifm,Jjn)] 14
1S+ m,j+ n)

where the optimal values for m, »n, and «, derived in the
manner described above, are substituted in the right-hand
side of Eq. [4]. Note that although a small difference in F,
linewidth between the long-range and the one-bond corre-
lations can give rise to a significant increase in Aa, to first
order the value found for a is not affected, and Aa is therefore
expected to represent an upper limit for the error in 4.

A second source of error in the Iy y/ Iyc ratio stems from
the difference in T, and T, relaxation of '*C- and '’C-
attached protons during the delay between scans and dur-
ing the relatively long de- and rephasing periods, 7. Pro-
tons attached to '°C have longer 7, values than '*C-at-
tached protons. In practice, the delay between scans is not
much longer than the T, of many of the '?C-attached pro-
tons, resulting in a decrease of fyy/Iuc. Faster T, relax-
ation of the '’C-attached protons during the de- and re-
phasing periods, T, has the opposite effect, resulting in an
increase of Iyx/Iuc. As outlined below, the relative im-
portance of each effect can be estimated easily from simple
1D experiments.

For simplicity we assume that the delay between scans, 7,
is at least three times longer than the short 7 of a '’C-
attached proton. Therefore, the '*C-attached protons, which
give rise to the reference intensity Jyc, may be considered
at thermal equilibrium at the beginning of the pulse sequence.
Ifthe T, value of the '2C-attached proton is T iz, this proton
has relaxed to a fraction of its thermal equilibrium value.
resulting in an underestimate of Iyy/Iyc by a factor
1-exp(—7/ T\ 12c). For resolved "H resonances, T i12¢is easily
measured using standard inversion-recovery experiments.
For unresolved resonances, a reasonable estimate for 7 12
frequently can be made on the basis of the 7', values mea-
sured for the resolved protons.

For measuring the difference in transverse relaxation rates
of '2C- and '*C-attached protons, we use the following simple
procedure. First, two 1D experiments are recorded with the
pulse sequence

'H: 905 —1/(2'Jen)—1803 —1/(2'Jen)—Acqy.

13¢C: 1808y /0t Decouple [A]

with¢ = x, y, —x, —yand ¥ = x, —y, —Xx, y. The signal
recorded with the 180° '3C pulse, S,y, is stored separately
from the signal recorded with the '*C pulse off, S,¢. The
ratio R = (Sog — Son )/ (So + Son) is calculated and is typically
found to be close to the natural abundance of '’C. i.e., ~1%.
Next, the experiment is repeated with longer delay periods,
similar to the scheme of Fig. 1,
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"H: 905 —T/2— —T/2—1 /(2 Jey)—1802 —
B¢ 9072207907 180 5q/0f1
1/(2"Jen)—T/2—  —T/2— Acqy,
9072207902 Decouple [B]

where the composite 9072207907 is a compromise com-
posite pulse which compensates reasonably well for both res-
onance offset and RF inhomogeneity (26), and T is typically
set to the same duration as that used in the pulse scheme of
Fig. 1. The intensity ratio, R’, is again measured in the same
manner as for scheme [A]. Assuming the molecule is rigid
and tumbling isotropically, the R’/ R ratio is expected to be
a constant across the entire 'H spectrum. For the trisaccha-
ride used in the present study R’/ R was found to fall in the
0.74 # 0.08 range when using 7 = 40 ms, suggesting a 'H-
{13C ! dipolar line broadening of 1.2 Hz. This degree of line
broadening corresponds to a rotational correlation time of
approximately 250 ps and is close to the value expected for
a trisaccharide in D,0 at 25°C.

Both factors discussed above are accounted for when de-
riving Jyy by modifying Eq. [2]:

'IH,\': (71'7~)7l

/- L R'Noor

/ . [5
\ R[l—exp(—r/Tl,IZC)][HCNlr} Bl

Xsin'[

The procedure described above has been used to measure
long-range 'H-'3C J couplings in the trisaccharide sialyl-
af 2-6)-lactose, containing N-acetyl-D-neuraminic acid
{NACc), galactose (Gal), and glucose (Glc). The glucose unit
is a mixture of o (30%) and 8 (70% ) anomers. As discussed
above, two 2D spectra need to be recorded: a reference spec-
trum with A = 18.4 ms and T = 40 ms, and the long-range
correlation spectrum with A = 0 and T = 40 ms. The ref-
erence spectrum results from 32 scans per complex ¢, incre-
ment whereas 128 scans per increment were recorded for
the long-range correlation spectrum, with a delay time of
1.8 s between scans in both cases.

For both the reference and the long-range correlation
spectra, data recorded with ¢, = x (odd-numbered FIDs)
and ¢, = —x (even-numbered FIDs) were stored separately.
This allows minimization of 7, noise in a manner that is
conceptually analogous to the ¢,-noise-reduction routine
proposed by Morris and Cowburn (27). In our case, the
spectra derived from the odd (S.4q) and even-numbered FIDs
(Seven ) are compared, and a complex number k is calculated
that minimizes their difference over a small region of the
spectrum that contains signals of a resonance not coupled
to '*C. In the present case, the residual HDO resonance is
chosen for this purpose. The factor 4 is calculated using SVD
by minimizing
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Z [SMd([lwﬁ)_kSeven([l’f:'Z)]2~ [6]
/2

where the summation extends over the small spectral region
that contains the HDO resonance. Subsequently a new ma-
trix is calculated from

Snew(tlsf:?)=Sodd(tl’fl)_kseven(tluﬁ)w [7]
prior to digital filtering and Fourier transformation in the ¢,
dimension. Note that the summation in Eq. [6] does not
need to extend over a region that is more than the linewidth
of the chosen reference signal, which makes the method easy
to apply in cases where the reference line (HDO) is close to
resonances of interest. This approach is also applicable if a
3C-attached proton resonance is chosen as a reference. For
example, the residual proton solvent peak in a chloroform
solution can be used. In the latter case, after making the
correction described above, all nonchloroform protons will
show a weak spurious correlation to the chloroform '*C res-
onance, however. Fortunately these artifactual resonances
rarely interfere with resonances of interest. On our spec-
trometer system, application of the very simple correction
procedure results in a reduction in ¢, noise by a factor of
three.

Compared in Fig. 2 are the most crowded regions of the
one-bond and long-range correlation spectra, obtained for
unlabeled sialyl-o(2-6 )-lactose. For convenience, the spectral
window in the '*C dimension has been set to 33 ppm, re-
sulting in aliasing of resonances outside of the 33 ppm win-
dow. Because the first ¢; increment has been set to half a
dwell time, all resonances that are aliased an odd number
of times are of opposite phase to '3C resonances that fall
within the spectral window (28).

A total of nearly three dozen long-range 'H-'3C coupling
constants could be measured in the manner described above.
These values are reported in Table 1. The majority of these
correspond to couplings over two and three chemical bonds.
However, a weak correlation that can only be ascribed to a
four-bond J coupling is observed between NAc-H7 and NAc-
C2. The intensity of this correlation indicates a coupling
constant of 1.2 + 0.3 Hz. The reason for the unusually large
value of this four-bond J coupling remains unclear. The J
values reported in Table 1 have been corrected for insuffi-
ciently long delays between scans, and for the difference in
T, of *C- and '*C-attached protons, using the scaling factor
of Eq. [5]. The errors reported in Table | are based on Eq.
[4] and include a 10% uncertainty in the value of the scaling
factor, R/R’, used in Eq. [3].

Spurious resonances caused by strong 'H-"H coupling in
the reference spectrum (Fig. 2A) are marked with a X. For
example, at the left-bottom side of Fig. 2A a strong coupling
artifact can be seen that is due to an interaction between
Gal-H6R and Gal-HS. A similar artifact is observed at the
F, frequency of Gal-C6 and the F, frequency of Gal-H5.
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FIG. 2. Small regions of the '"H-"C correlation spectra recorded for sialyl-c(2-6)-lactose and optimized (A) for one-bond J interactions (7 = 40 ms,
A = 19.4 ms) and (B) for long-range connectivity (T = 40 ms, A = 0 ms). Experiments are carried out on a 6 mg sample in 0.45 ml D,0, using a Bruker
AMX-600 spectrometer, equipped with a pulsed-field-gradient accessory and a '"H/'3C/'*N triple-resonance probehead, optimized for 'H detection. Spectra
result from 512* X 256* data matrices (n* refers to n complex data points), with acquisition times of 12.8 (f,) and 85 ms. Data are zero filled to yield a
digital resolution of 2.44 (¥)) and 0.74 Hz (¥,). Total measuring times were 4.5 and 18 hours for spectra (A) and (B}, respectively. Resonance assignments
are indicated along the axes of the 2D spectra; « and g refer to the glucose a- and 8-anomers, G to galactose, and N to neuraminic acid. Dashed and solid
contours correspond to positive and negative intensities, respectively. The sign of the resonance is determined by the number of times the data have been
aliased in the '*C dimension and by the 'H-'H J modulation during the de- and rephasing intervals, 7. Spurious resonances caused by strong 'H-'H

coupling in the reference spectrum (A) are marked with a X.

The one-bond reference-peak intensity and lineshape are
therefore less reliable in such cases, increasing the uncertainty
in the corresponding coupling-constant measurements.
Due to the multitude of long-range interactions and the
narrow range of 'H and '*C chemical shifts in carbohydrates,
some overlap occurs in the long-range correlation spectrum
of Fig. 2B. For example, the Gal-H2 /Gal-C3 and NAc-H7/
NAc-C6 correlations (at F> = 3.52 ppm) partially overlap,
making precise measurement of the corresponding coupling
constants impossible, even though it is clear from the inten-
sities of the two cross peaks that both long-range J couplings
are quite substantial. Only one case of overlap could have
been avoided by choosing a different F| spectral width: Due
to aliasing, the resonances of Gal-Cl and Glc*-C5 nearly
overlap (at F, = 72.7 ppm), prohibiting reliable measure-
ment of the J couplings of these two carbons to Glc*-H4.

Upon completion of the measurement of the J values re-
ported in Table 1, we became aware that several 'H-'>C J
values for the same trisaccharide recently had been reported
by Poppe et al. (29), using a quite different measuring
method. The agreement between the two sets (rmsd, 0.5 Hz)
is significantly better than expected on the basis of the error
reported in Table I, suggesting that Eq. [4] overestimates
the true error of the measurement.

We have demonstrated a method for measurement of long-
range 'H-'3C J couplings that is applicable to natural-abun-
dance '*C compounds, even when the 'H spectrum shows
considerable overlap. Values as small as 1 Hz can be mea-
sured provided the sample is sufficiently concentrated (ap-
proximately 25 m M in the present work ). Measurement of
heteronuclear long-range J couplings from such spectra pro-
vides valuable structural constraints, complementing dihe-
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TABLE 1
Long-Range J Couplings in Sialyl-«(2-6)-lactose (Hz)

Nuclei J A4
Gic*H | -GlcCs 6.5 +0.9° 1.36
Gle*H -Gle*C; 53+0.8 1.36
Glc*H3-Gle*C,y 2805 0.90
Gle*H;3-GleC, 34 +06 0.90
Glc*Hg-GlcCy 2909 0.77
Glc?H,-GlcCs 1.2+0.2 1.07¢
Glc®H,-Glc?Cs 1.2+0.2 1.07¢
Glc®H,-Gle?C, 6.5+1.0 1.50
Glc?H,-Glc?C, 6.1 £0.3 1.50
Glc#Hgr-Glc?Cs <0.8¢
Glc?Hes-Glc?C, 25+04 0.77
Glc?Hgs-Gle?Cs 1.4 +04 0.77
GalHgs~-NAcC, 1.9 + 0.5 0.77
GalH,-GalC, 22+0.7 0.81
GalH,~GalC, 25408 0.81
GalH,-GalC; 1.0+ 0.2 0.81
GalH,-Glc*?C, 39+08 0.81
GalH,-GalC, 6.7+ 1.3 1.56
GalH,~GalC, 59+14 1.00
GalH,~GalC, 5.0+14 1.00
GalHgg-NAcIC, 30+03 0.77
GalHgg—CalCy 1.8 +£0.2 0.77
GalHgr—-CalCs 52+1.0 0.77
NAcH-NAcC; 47 +08 0.90
NAcH¢-NAcC, 1.9+04 0.99
NAcH-NAcC; 3.1 +06 0.99
NAcH;-NAcC, 1.2+04 0.90
NAcH;-NAcCyg 40+04 0.90
NAcH;-NAcC, 3.6 +0.3 0.90
NACH;,-NACC, <0.9¢
NAcH;.-NAcC, 5204 0.77
NAcH;-NAcCy 6.5+04 0.77
NAcH:,-NAcCs 92+ 1.7 0.77
NAcH ;3-NAcC, 6.0 +0.9 0.77
NAcH;.,-NAcC; 103 £ 1.8 0.77
NAcH;.,-NAcC, 7.7 + 1.1 0.77
NACH,-NAcCs 27+03 0.77

9 Scale factor for long-range correlation intensity prior to comparison with
one-bond correlation, in order to account for differences in 'H-{'">C?} and
'H-{"C! Tyand T,.

® The error estimate is based on Eq. [4], and an additional 10% error in
the intensity ratio has been added to account for the uncertainty of the
scaling factor, 4.

¢ Correlations to Glc?-C, and -Cs overlap. The J values reported are
based on the assumption that both three-bond J values contribute equally
to the observed cross peak.

4 Upper limit, based on the absence of a cross peak above the noise level.

dral-angle information available from 'H-'H J couplings
and NOE cross-relaxation rates. This information is partic-
ularly valuable when studying flexible molecules, such as
carbohydrates and peptides, where the solution conformation
1s invariably underdetermined. The method described for
reducing the ¢, noise in the HMBC spectrum is simple, fast,
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and remarkably robust, and significantly improves the quality
of the spectrum.
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